We calculate the local density of states for a relativistic massless particle in the presence of crossed electric and magnetic fields. The Landau levels are broadened and aquire a modulation due to the electric field. We give detailed predictions for the shape of Landau levels in the relativistic case based on analytical expressions.
Introduction
The Dirac equation is used as a phenomenological model to mimic the bandstructure of graphene. The observation of the quantum Hall effect (QHE) in graphene suggests to study solutions of the Dirac equation in magnetic and electric fields in order to understand the electronic transport in graphene in the presence of these fields. The QHE links the current through a Hall bar with the Hall voltage across the device. Thus we have to derive a theory of the electronic transport for a non-vanishing current in the presence of a magnetic field. One key ingredient is the local density of states (LDOS), which is derived in Ref. [1] for the non-relativistic case. Combined with the group velocity, the LDOS can be used to calculate the electronic current through a Hall bar.
2 Local density of states for a massless Dirac electron in crossed electric and magnetic fields
The Dirac equation in the presence of a purely magnetic field was discussed by Rabi [2] . Here, we discuss the solution of the Dirac equation in crossed electric E and magnetic B fields for a velocity E/B smaller than the speed of light c. Solutions are given in Refs. [3, 4] and more recently discussed in Ref. [5] . A systematic approach to the construction of relativistic propagators in electric and magnetic fields using the proper-time approach [6] is given in Ref. [7] . One important feature and success of the Dirac equation is the inclusion of the electron spin. In the case of a magnetic field, the direct outcome of the Dirac equation is a shift of the Landau level sequence in such a way, that the (n−1)th spin-down and n spin-up level have exactly the same energy. In the non-relativistic limit the Dirac equation leads to the Pauli equation with the assignment of g = 2 to the g-factor. Therefore the Zeeman-splitting of the nth Landau level E is used. Therefore the spacing of Landau levels and the Zeeman shift do not exactly coincide as in the Dirac theory of the electron.
The Dirac equation for a zero mass electron with minimal coupling A = B(−y, 0, 0) and potential V (x, y) = −yeE reads:
For low energies, the nearest-neighbor tight-binding Hamiltonian of graphene can be expressed by the effective Hamiltonian
around the two points K and K in the first Brillouin zone. The solution of the Dirac equation can be written in terms of two spinors [5] . If one uses the massless Dirac equation as a phenomenological model for graphene, the spinor components are related to the two sublattices A and B but not the electron spin. The use of the Dirac equation then leads to a reordering and mixing of the two sublattice states at the eigenenergy of a Landau level. For the phenomenological model the electron spin is added in the end using an effective g-factor.
We construct the LDOS in the magnetic field B = (0, 0, B) and the electric field E = (0, E, 0) from the four scalar compontents of the Dirac equation ψ = (ψ 1 , ψ 2 , ψ 3 , ψ 4 ) and eigenenergies
given in Landau gauge [5] . For graphene, the speed of light c becomes the material parameter c ≈ 10 6 m/s, and the spinor components can be written in terms of oscillator functions
and using the coefficients
For n = 0, the u |n|−1 (ξ) terms vanish and the wavefunctions aquire an additional factor of √ 2. We obtain the LDOS at the origin x = y = 0 by evaluating
For a vanishing electric field, the spinor component i can be used to identify the sublattice, this is no longer the case in the presence of the electric field which leads to a mixing of the spinor components. The introduction of the real spin completes the computation of the LDOS
where µ B denotes the Bohr magneton (which contains the normal electron mass, not the effective one) and g * the effectice g-factor of the electron. The LDOS shown in Fig. 1 is symmetric with respect to the E = 0 value. The centers of the spin-split LDOS are located at energies E n (n, 0) ± 1 2 g * µ B . For electric fields approaching E/B = c, the harmonic oscillator functions are replaced by an Airy function [4] . The transition from a magnetic field dominated LDOS to an electric field dominated one for the non-relativistic case is also discussed in Ref. [1] . Note that the the group velocity ∂E(n, p x )/∂p x in the relativistic case is given by E/B and thus unchanged in the non-relativistic limit and does not depend on the energy of the particle.
Electric field dependent Landau level splittings
For rectangular samples, the solution of the Laplace equation for a Hall bar in the presence of a magnetic field and current leads to a high electric field in two opposite corners of the device [8] . The small size and irregular shape of the graphene flake makes the calculation of the Hall angle and the electric field distribution difficult, but we estimate that for currents around 100 nA and high magnetic fields, electric fields in the order of 10 5 V/m are possible. In Fig. 2 we show the LDOS for different values of the magnetic field and a fixed electric field of E = 200 kV/m. At high magnetic fields the Zeeman term leads to a separation of the two spin-components. The electric field imprints an additional substructure into each Landau level, which can be enhanced by increasing the current through the device. 
